The aim of this research is to develop biocompatible nanofibrous mats using hydroxyethyl cellulose with improved cellular adhesion profiles and stability and use these fibrous mats as potential scaffold for skin tissue engineering. Glutaraldehyde was used to treat the scaffolds water insoluble as well as improve their biostability for possible use in biomedical applications. Electrospinning of hydroxyethyl cellulose (5 wt%) with poly(vinyl alcohol) (15 wt%) incorporated with and without collagen was blended at (1:1:1) and (1:1) ratios, respectively, and was evaluated for optimal criteria as tissue engineering scaffolds. The nanofibrous mats were crosslinked and characterized by scanning electron microscope, Fourier transform infrared spectroscopy, differential scanning calorimetry, and thermogravimetric analysis. Scanning electron microscope images showed that the mean diameters of blend nanofibers were gradually increased after chemically crosslinking with glutaraldehyde. Fourier transform infrared spectroscopy was carried out to understand chemical interactions in the presence of aldehyde groups. Thermal characterization results showed that the stability of hydroxyethyl cellulose/poly(vinyl alcohol) and hydroxyethyl cellulose/poly(vinyl alcohol)/collagen nanofibers was increased with glutaraldehyde treatment. Studies on cell-scaffolds interaction were carried out by culturing human fibroblast (hFOB) cells on the nanofibers by assessing the growth, proliferation, and morphologies of cells. The scanning electron microscope results show that better cell proliferation and attachment appeared on hydroxyethyl cellulose/poly(vinyl alcohol)/ collagen substrates after 7 days of culturing, thus, promoting the potential of electrospun scaffolds as a promising candidate for tissue engineering applications.
Introduction
One of the major applications of tissue engineered skin substitutes for wound healing is to promote the healing of cutaneous wounds with the intention of impair the skin functions at various extents ranging from significant disability to even death. 1 Many natural skin substitutes such as xenografts, allografts, and autografts have been used for wound healing. 2, 3 However, these natural derived skin substitutes cannot accomplish skin regeneration due to the limited number of donor site and antigenicity, risk of infections, slow healing, and association with the formation of scar. 4, 5 For this reason, researchers have made efforts to fabricate scaffolds that could biomimic the natural features of skin by using advanced tissue engineering approaches from various biodegradable and biocompatible polymers to promote the healing of acute and chronic wounds. [6] [7] [8] [9] Research using nanobiomaterials as scaffold in skin tissue engineering is tremendously increasing as these biomaterials mimic the structure of extracellular matrix and provide a platform for cell attachment, differentiation, and proliferation. The nanoscale biomaterials are produced by several methods including self-assembly, template-assisted synthesis, drawing, phase separation, and electrospinning. 10 However, electrospinning gains most interest among researchers because of the capability to fabricate a variety of polymeric nanofibers. 11 Electrospinning is a technique that produces fibers in nanometer length and interconnected pores that closely resemble the topography features of extracellular matrix (ECM). It is a versatile technique to produce nano and microfibers from polymer solutions or melts in the range of 30-200 nm, through the action of high electric field. [12] [13] [14] When the electric field overcomes the surface tension, the polymer solution in the capillary is ejected as jets. The jets solidify as it travels toward the collector and is collected as nonwoven fabric. The morphology and properties of the nanofibers can be varied by changing the process parameters, such as solution viscosity and conductivity, applied voltage, average molecular weight of the polymer, and the distance between the needle and the collector plate. [15] [16] [17] The main attractions of the electrospun nanofibers are their unique properties such as high surface area-tovolume ratio, high porosity, and their diameter, which is in the nanometer range.
Scaffolds which have the suitable surface chemistry and excellent mechanical strength have been fabricated from several natural and synthetic polymers, which includes chitin, chitosan, polyurethane, nylon, polyglycolic acid/polylactic acid (PGA/PLA), poly(L-lactide), polycaprolactone, and copolymer poly(ethyleneglycolterephtalate)-poly(butylenes terephthalate). 18, 19 Collagen is known to be the most promising materials widely used in diverse applications in tissue engineering for their nonimmunogenecity, excellent biocompatibility, and biodegradability. 20, 21 Collagen has molecular structure similar to glycosaminoglycans (GAGs), which is an important component of ECM. Collagen's attractiveness can be attributed to its abundance in the dermal layer of skin, its recognition by cell surface receptors, and its ability to crosslink and thereby impart appropriate mechanical strength to the tissue. 22 The electrospun of collagen nanofibers should be suitable for tissue grafting.
Natural biomaterials always face a problem in their inferiority in mechanical properties. In order to circumvent the obstacle of natural polymers, an alternative option based on biodegradable synthetic materials is used as they are generally mechanically better and convenient to produce in large scales. Fabrication of nanomaterials from most of these polymers requires harmful or organic solvents or organic acid solvents like acrylic acid, acetic acid, chloroform, trifluoroacetic acid, and 1,1,1,3,3,3,-hexafluoro-2-propanol. In order to overcome the difficulties faced with the toxic solvents, in our research we have fabricated nanofibers, using water as the only solvent, from hydroxyethyl cellulose (HEC) and poly(vinyl alcohol) (PVA). Moreover, the structure of HEC exactly matches the GAGs in the dermis, with specific GAGs localized in the skin are heparin, hyaluronate acid, and dermatan sulfate. Each of these GAGs has a predominant disaccharide component. However, heterogeneity does exist in the sugars present in the formation of any given class of GAGs. HEC is a nonionic hydrophilic biopolymer with b(1!4) glycosidic linkage. This hydrogel functions as a stabilizing and protective colloid and widely used in cosmetic, pharmaceutical, and wound healing applications. It is well known that these types of hydrogels with large amount of water diffused in three-dimensional (3D) polymeric networks are highly needed in biomedical and health applications. 23 However, electrospinning of HEC alone is difficult to obtain. Instead of fibrous structure, pure HEC gave drop like deposition in solution phase on the collecting target. This might be due to properties of polymer solution such as high viscosity, molecular weight, and surface tension. Combination with other hydrogel like PVA, a biodegradable, nontoxic, and noncarcinogenic hydrogel improves the spinnability and mechanical properties such as elasticity and elongation. 24 Crosslinking these hydrogels by various chemical bonds and physical interactions can significantly improve their mechanical, thermal, and chemical properties. 25 Crosslinking can be performed via several methods including physical crosslinking such as dehydrothermal treatment, plasma treatment and ultraviolet (UV) treatment, and chemical crosslinking by some crosslinking agents such as glutaraldehyde (GA) and 1-ethyl-3-(3-dimethylamino propyl) carbodiimide hydrochloride polyglycidyl ether and polyepoxidic resins, etc. [26] [27] [28] [29] [30] [31] GA has become the predominant choice in skin tissue engineering because of its water solubility, high crosslinking efficiency, low cost, effective method to stabilize collagenous and has successfully applied to electrospun collagen and PVA nanofibers. 32, 33 GA reacts with the amino groups of the side chains of collagen molecules, creating a framework in the material that improves the mechanical and biological stability. 34, 35 Functional group (-CHO) of GA reacts with binding site of collagen material (-NH 2 ) to form imines bond leads to a loss of water bounded to the macromolecule. 36 The main objective of this study is to develop biocompatible nanofibers from HEC together with the aqueous solution of PVA incorporated with and without collagen by electrospinning. The chemical and physical properties of the nanofibrous membrane from HEC/PVA and HEC/PVA/collagen were investigated before and after crosslinking with GA. Blending of synthetic and natural biopolymers, formed by three or more components has raised the attention of both industrial and academic world. 37 To the best of our knowledge, this is the first report where HEC is blended with PVA and collagen, electrospun to produce nanofibers and used as a scaffold material for skin tissue engineering. Studies on cellscaffolds interaction were carried out by culturing human fibroblast (hFOB) cells on these nanofibers and assessing the growth, proliferation, and morphologies of the cells.
Materials and methods Materials
HEC was purchased from Merck-Schuchardt, Germany. Poly(vinyl alcohol) (molecular weight 95,000) was purchased from ACROS, New Jersey, USA. Collagen type I, liquid rat tendon excised from tail (0.02 N acetic acid, pH 3.67) was purchased from Merck Millipore Corporation, Billerica, MA, USA. Analytical reagent grade GA solution (25%) was purchased from Merck-Schuchardt, Germany. Phosphoric acid was purchased from Merck KGaA, Darmstadt, Germany. Acetone was purchased from R&M Marketing, Essex, UK. Phosphate buffer saline (PBS) was purchased from Gibco Life Technologies, USA. All the chemicals were of highest purity and used without further purification. All the solutions were prepared using Millipore water.
Preparation of electrospinning solution
The HEC solution with concentration 5 wt% was prepared by dissolving 5 g of HEC powder in 100 ml Millipore water for 2 h at room temperature until a clear solution was obtained with a slight increase in viscosity. PVA solution of 15 wt% was prepared by dissolving 15 g of PVA granules in 100 ml Millipore water with stirring at 80 C for 2 h. Both solutions were stirred continuously for 12 h at room temperature to ensure a complete mixing and eventually obtain a homogeneous solution. HEC was then blended in PVA solution at (1:1) ratios and stirred overnight to get homogeneous mixture for electrospinning. Collagen solution with concentration 0.38 wt% was added into HEC: PVA solution in the ratio (1:1:1) and was stirred continuously to get homogenous ternary blend solution.
Electrospinning of nanofibrous scaffolds
Electrospinning was carried out at room temperature for all the concentrations of HEC/PVA and HEC/PVA/ collagen. The polymer solution was filled in a 5 ml syringe fitted with a blunt steel needle of 0.8 mm inner diameter and flow rate of 1 ml/h. The applied voltage was varied from 20 to 25 kV. The electrospun nanofibers were collected using a rotating drum collector wrapped with aluminum foil at the distance of 90-110 cm from tip to collector at a rotation speed of 1000-1500 r/min. The humidity of 50% was preserved (Dri-Tech HT-180) in the room. The collected electrospun nanofibers were stored in a desiccator for further use.
Crosslinking studies
The nanofibrous scaffolds were peeled and cut into 4 cm 2 pieces and allowed to keep in a Petri dish with diameter of 90 mm. GA solution (25% aqueous solution) in acetone followed by phosphoric acid was put in the Petri dish contained of nanofibers for 24 h. The nanofibrous mats were rinsed with water three times to remove the excess GA. Water resistance of the scaffolds was evaluated by immersing it in distilled water and dried in a vacuum oven for 1 h for further use. 38 
In vitro degradation study
The nanofiber scaffolds were cut into 1 cm Â 1 cm and sterilized under UV irradiation for 2 h for disinfectant purpose. The scaffolds were placed in a 24-well plate containing 3 ml of PBS incubated at 37 C. In vitro biodegradation test was studied by immersing a predetermined weight (W o ) of scaffolds in PBS (pH 7.4) at 37 C for 12 weeks. Six parallel scaffolds of each degradation period were taken out at different periods of time, washed with distilled water, and kept dry in an oven for 2 h. The final weight of the samples was recorded as W d . The percentage of degradation was calculated using equation (1)
Characterization of nanofibrous scaffolds
The surface morphology of HEC/PVA with and without collagen electrospun nanofibrous scaffolds before and after crosslinking was observed by a scanning electron microscopy (SEM) (ZEISS EVO 50) at an accelerating voltage of 15 kV. The electrospun nanofibers were sputter coated with a thin layer of platinum in double 30 s consecutive cycles at 45 mA to reduce charging and produce conductive surfaces (BALTEC SCD 005 Sputter Coater -BALTEC). Based on the SEM images, diameters of the fibers were analyzed using an image visualization software ImageJ developed by Upper Austria University of Applied Science. 39 Surface wettability of the nanofibers was characterized by measuring the contact angles with water at room temperature. Distilled water was used for the drop formation using a micro syringe attached to the goniometer (Kru¨ss GmbH DSA 100 Mk 2, Hamburg, Germany). The water contact angles were measured by image processing of the sessile drop with charged couple device (CCD) camera.
Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopic analysis of electrospun nanofibrous scaffolds was performed on Spectrum One (Perkin-Elmer, USA) spectrophotometer over a range of 500-4000 cm À1 at a resolution of 2 cm À1 with 100 scans per sample.
The thermal behavior of the electrospinning fibers was studied with a differential scanning calorimetry (DSC) technique. DSC was performed with a Q500 (TA instruments, New Castle, USA) under atmosphere. About 5 mg of sample was heat treated from 50 to 250 C at a heating rate of 10 C/min. The degree of relative crystallinity, X C was expected from the endothermic area by the following equation
where ÁH f ¼ measured enthalpy of fusion from DSC thermograms and ÁH o f ¼ enthalpy of fusion for 100% crystalline PVA which is 138.6 J/g. 40 Thermogravimetric analysis (TGA) was performed using Toledo STAR-1 (Mettler; Switzerland). About 5 mg of sample was heat treated from 30 to 750 C at a heating rate of 10 C/min under nitrogen as purge gas.
The mechanical properties of the electrospun nanofibers were measured using a universal testing machine (AG-500, Shimadzu, Japan) under a cross-head speed of 10 mm/min. Rectangular specimens with dimension 10 mm Â 20 mm were used for testing. The room conditions were controlled at 25 C and 34% humidity. The tensile stress and strain at break were calculated based on the obtained tensile stress-strain curve.
Cell culture studies
Cell expansion and seeding. hFOB cells were cultured in Minimum Essential Media MEM, respectively, containing 10% fetal bovine serum (FBS) and 1% penicillinstreptomycin solution in 75 cm 2 cell culture flasks. These skin cells were incubated at 37 C in a humidified atmosphere containing 5% CO 2 and 95% humidity. The crosslinked HEC/PVA and HEC/PVA/collagen electrospun scaffolds were cut into small disks with 10 mm in diameter soaked in 100% ethanol for 24 h, and then sterilized under UV light for 3 h and subsequently immersed in cell culture medium overnight. The scaffolds were washed thrice with sterile PBS and transferred into 96-well tissue culture plate. Both cells grown in 75 cm 2 cell culture flasks were detached on confluency by adding 1 ml of trypleE TM Express (animal origin free). Detached cells were centrifuged and counted by Trypan blue using hemocytometer, seeded on electrospun HEC/PVA nanofibrous scaffold at a density of 1 Â 10 5 cells/cm 2 and incubated to facilitate cell growth. The medium was refreshed every 3 days.
Cell morphology studies. After 1-7 days of cell culture, the cells grown on scaffolds were rinsed twice with PBS and fixed in 3% GA for 60 min. Thereafter, the scaffolds were dehydrated with increasing concentrations of alcohol (20, 40, 60, 80 , and 100%) for 10 min each. The samples were air dried by keeping the samples in a fume hood. Lastly, the scaffolds were sputter coated with platinum and observed using SEM (ZEISS EVO 50) at an accelerating voltage of 10 kV.
hFOB cell proliferation study. The cell adhesion and proliferation on the scaffolds were determined using the colorimetric MTS assay (CellTiter 96 A Queous One Solution Promega, Madison, WI). The reduction of yellow tetrazolium in MTS (3-(4,5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)-2(4-sulfophenyl)-2Htetrazolium) to form purple formazan crystals by the dehydrogenase enzymes secreted by mitochondria of metabolically active cells forms the basis of this assay. The formazon dye shows absorbance at 492 nm and the amount of formazon crystals formed is directly proportional to the number of live cells. After culturing the cells for a period of 1-7 days, they were rinsed with PBS to remove unattached cells and incubated with 20% MTS reagent in serum-free MEM for 4 h at 37 C. 6, 41 
Statistical analysis
All data were presented as mean AE standard deviation and were analyzed using Student's t-test to calculate the significance level of the data. Probability values of p<0.05 were interpreted as denoting statistical significance.
Results and discussions
SEM morphology studies Figure 1 shows the SEM images of HEC/PVA (a, c) and HEC/PVA/collagen (b, d) nanofibrous scaffolds before and after chemical crosslinking with GA. The images revealed uniform, porous, beadless, and nano-scaled fibrous structures formed under control condition (Table 1) . SEM confirmed the three-dimensionality of the HEC/PVA and HEC/PVA/collagen scaffolds, which also served large voids space. The nanofibrous mats possess interstitial spaces between the fibers. No pores were observed on the fiber surface, but instead were present between the fibers on the electrospun mats. By electrospinning, it was hard to get fibers for HEC alone. Therefore, PVA was blended with HEC to enhance the fiber formation efficiency. The time required for blending the two polymers plays an important role. The polymers have to be stirred for at least 12 h to get good fibers. Overall, a significant decrease in fiber diameter with the addition of collagen composition was observed. After crosslinking, there were no significant morphology changes except the diameters were slightly increased from the range of (188-280 nm) to (220-373 nm) for non-crosslinked and crosslinked nanofibers, respectively. The determination of fiber diameters was very important as it corresponds not only to molecular level orientation, but also affects the cellular behavior. 42 
In vitro degradation studies
The efficiency of HEC/PVA and HEC/PVA/collagen crosslinked nanofibers was evaluated by measuring the weight change of the fibers incubated in PBS solution for up to 12 weeks as illustrated in Figure 2 . The HEC/PVA/collagen nanofibers scaffold exhibited slower degradation rate in both mediums as compared to HEC/PVA nanofibers. The hydrolysis of protein will mainly result in the fracture of peptide bond. Thus, the slower rate of collagen incorporated HEC/PVA in PBS buffer solution might be due to the difficulty of hydrolyzing the peptide bond (-NH 2 ) in neutral medium and inhibited the degradation rate of HEC/PVA/collagen. The HEC/PVA nanofibers also exhibited minor weight loss at the earlier stage ($4%) and tend to degrade faster after 4 weeks incubation. This slow degradation might be caused by reaction between aldehyde group and (-OH) during crosslinking process which retarded the penetration of water molecule into polymer chain segments of the scaffolds during initial degradation process. During this reaction, the polymer chains are retained with the matrix until the chains reach a critical molecular weight and become water insoluble. Consequently, when the chains exit the matrix the weight will begin to decrease.
Surface wettability
The characteristic of hydrophilicity is important to tissue engineering scaffolds not only for the enhancement of cells attachment but also allow cell penetration into scaffolds interpolymer network to grow in a threedimensional fashion, during in vitro culture studies. 43 The contact angles of pure water on the composite nanofibers surface after crosslinking are shown in Figure 3 . HEC/PVA scaffold exhibited the water contact angle of 31.9 , which indicates hydrophilic materials. The reaction between HEC and the aldehyde is between hydroxyl groups, carboxyl groups of HEC, and the aldehyde to form polar parts of acetal ring and ether linkage interacts with water which leads to decrease of the interfacial free energy of the fiber surface. 44 Polar groups can be isolated on the surface resulting in great surface hydrophilicity. The presence of collagen in the HEC/PVA composite scaffolds found to decrease the water contact angle to 28.7 . This might be due to decreased surface roughness of the fibers. In addition, the hydroxyl groups present in the collagen form hydrogen bonds with water molecule thus promoting relevant hydrophilicity. 45 
ATR-FTIR study
The ATR-FTIR spectra of HEC/PVA and HEC/PVA/ collagen for non-crosslinked and crosslinked electrospun nanofibers were shown in Figure 4 . FTIR spectra were carried out to elucidate the presence of HEC and PVA in the blended nanocomposite and to analyze the interaction (hydrogen bonding) between them. The broad peak at 3297-3376 cm À1 indicates stretching vibrations of the hydroxyl groups due to the intramolecular and intermolecular hydrogen bonds of the OH groups of PVA and HEC. The presence of two peaks at 1715-1720 indicated stretching of C ¼ O and at 1648-1655 cm indicated presence of the residual vinyl acetate groups in the PVA chains (C¼C) and the traces of water molecule (bending vibration). 46 The intensity of the bands around 1419-1431 cm À1 corresponded to the CH and CH 2 overlapping after crosslinking. It is also observed that the absorption bands associated with CH bending at 1431 cm À1 became relatively strong after crosslinking suggested that H 2 bonding become stronger in case of HEC/PVA and HEC/PVA/collagen nanofibers. Absorption bands of natural and synthetic polymers are observed due to the integration of three components (HEC, PVA, and collagen) in the hybrid. Common interactions in hybrid polymers based on collagen occur between the primary hydroxyl group of collagen. 47 The interaction between natural and synthetic polymers shows moderate peak at 1566 cm À1 for NH (amide II, N-H bending, and C-N stretching and at 1655 cm À1 for C ¼ O stretching (amide I)). 48 The peaks of O-H and N-H stretching vibrations at 3350-3365 cm À1 become broader than those of the nanofibrous mats without crosslinking which is due to the interaction between HEC/PVA and HEC/PVA/collagen polymers and GA aldehyde groups. The results also indicate that crosslinking reaction causes a shift of predominant absorption band from 3302-3297 cm À1 to 3326-3365 cm À1 . These results suggest that the H 2 bonding becomes stronger due to the increase in number of OH groups. After crosslinking the -Ostretching peak at 1125-1134 cm À1 became stronger compared with that non-crosslinked nanofiber. This suggests that the hydroxyl group of the PVA has been reacted with GA to form acetal group. In addition, C ¼ O bond at 1711-1722 cm À1 increased compared to non-crosslinked nanofibers due to reaction of GA with -OH groups to yield C ¼ O bond. 49 Further crosslinking with GA showed absorption peak at 1650 cm À1 is ascribed to C ¼ N stretched peak (imine linkage) as explained by the Schiff base formation from the reaction of aldehyde functional group of GA and amino group of collagen. 50, 51 The imine group was formed by the nucleophilic reaction of the amide from collagen with the aldehyde. 52 
DSC study
DSC measurement has been done to investigate the thermal behavior of electrospun nanofibers such as melting (T m ), crystallization (T c ), and glass transition (T g ) phenomena. The results from DSC and the characterization observed for electrospun nanofibers are shown in Figure 5 and presented in Table 2 . DSC thermogram shows characterization by a change in heat capacity of HEV/PVA and HEC/PVA/ collagen electrospun nanofibers mats associated with endothermic glass transition of PVA from 55.3-66.3 C and 67.4-72.0 C before and after crosslinking, respectively. The broad glass transition peak may be due to the overlapping transitions of two polymer blend samples. 53 The T g value as well as enthalpy that is associated with endotherm melting transition of electrospun nanofibers exhibited a slight positive shift in temperature with the addition of collagen. This increment could be attributed to the segmental motions of polymer chains which were greatly constricted by the strong interactions between them through hydrogen bonds. The broad glass transition peak may be due to endothermic transitions as a result of loss of moisture from the polymer blend samples. Usually, in a complete miscible blend of two or three polymers, a new single T g is observed in DSC thermograms between the T g values of each pure polymers. Literature data of T g for individual polymers HEC, PVA, and collagen were observed at $75 C, $48 C, and $35 C. 47, 54 The HEC/PVA blend polymers show the presence of single T g values at temperature between the T g values of pure HEC, PVA, and collagen, clearly indicating the miscibility between these polymers. The melting point is a physical parameter that is used to identify the nature of the substance and its degree of purity. The value of melting point depends on the degree of crystallinity phase and water amount in PVA of blend polymers. 55 The change in heat capacity was followed by a single melting peak resulting from a partial crystallization at 209.9-212 C and 185. 8-194.4 C before and after crosslinking, respectively. It is observed that the T m for HEC/PVA and HEC/PVA/collagen blend polymers was almost the same. The data in Table 2 indicate that the melting point, T m for polymer blend samples is nearly around the value of pure crystalline PVA which is 200 C as reported by Sudhamani et al. 56 The heat required for melt of 100% crystalline PVA is 138.6 J/g. 40 Therefore, the relatively weak and broadened glass transitions can be ascribed to the semicrystalline nature of the material. The low degree of crystallinity for HEC/PVA/collagen at 25% was attributed to the effect of polymer-polymer interactions in the amorphous phase leaded to disorders of crystals, thus reduce the change of enthalpy. 48, 49 Furthermore, the decrease in heat of fusion observed in T m after chemical crosslinking with GA suggested that the crystallinity and perfection of the crystal structure are decreased. Crosslinking causes dehydration of fibers and it is the reduced hydration that caused the higher temperature stability. 57 All the samples exhibit lower value of T m and crystallinity after crosslinking due to the fact of strong hydrogen bonds with the hydroxyl group which indicate the compatibility between HEC and PVA. 47, 58 In addition, the T m peak shows decrement due to involvement of hydrophilic hydroxyl side groups into the crosslinking reaction that reduce their ability to bind water molecules, consequently evaporate a low amount of water from the blend polymers within the same heating rate. It was also observed that the peak of T m from DSC curves almost diminishes after crosslinking which indicates that the blend polymers act as a single network with different transition temperature than an individual polymer. 59 In the other hand, for HEC/PVA/collagen nanofiber, the endothemal peak shifted to higher temperature which indicates replacement of amino groups in collagen by aldehyde groups due to crosslinking of GA consequently. 60 Moreover, there was insufficient volume necessary to make free movements between pendant groups of crosslinking network due to the reduced molecular space present in the blend polymers. 61 The dehydration is brought about by the crosslinking drawing the collagen as well as HEC and PVA molecules together. It is thus concluded that the crosslinking of HEC/PVA and HEC/PVA/collagen electrospun nanofibers is thermally stable compared to unmodified HEC/PVA and HEC/PVA/collagen nanofibers.
TGA measurements
Thermal stability of HEC/PVA and HEC/PVA/collagen electrospun nanofibers was tested using TGA with the curves and their derivatives (drTGA) illustrated in Figure 6 (a) to (d). The TGA curves for all polymers before and after crosslinking exhibited three major weight losses. These steps were distinguishable in the diagram of mass loss (TGA %) during heating as well as more clearly in the diagram of derivative mass loss (drTGA %). Table 3 presents the decomposition step and percentage mass loss for HEC/PVA and HEC/ PVA/collagen nanofibers. The lower values of % weight loss varied from 3.2 to 8.67% in the first stage begins from 23 to 39 C affirm the presence of thermal process due to moisture evaporation or weakly physisorption of water. This also might be due to splitting or volatilization of small molecules from the samples. 62 There was more significant weight loss (50-77%) in the range of 196-419 C which includes the melting point, as physical transition and the degradation temperature of polymers. Therefore, the higher value of weight loss at second decomposition stage proves the existence of a chemical degradation process resulting from bond scission (carbon-carbon bonds) in the polymeric bone which in this case refers to the degradation of side chain of PVA molecule, degradation of collagen molecule, and loss of CO 2 in the case of HEC. The second weight loss is the most important both in the partial and total of weight loss. The third weight loss at 350-530 C is due to the by-products generated by PVA during thermal degradation process attributed to decomposition of main chain of PVA. 63 The difference in thermal decomposition behavior of HEC/PVA and HEC/PVA/collagen blend samples can be seen more clearly from drTGA curves. DrTGA curves show the peak temperature corresponding to second and third decomposition regions. The maximum decomposition mass loss rate of HEC/PVA and HEC/PVA/collagen polymers increased to higher temperature which is from 277 to 360 C after chemical crosslinking with GA pointed to decomposition of PVA and collagen polymers. From the results, it can be concluded that the thermal stability of binary and ternary blended nanofibers increased with GA treatment.
Mechanical characterization
Mechanical properties are important characteristics of ideal-tissue engineered scaffolds to provide temporary functional and guide tissue regeneration. 64 Typical nonlinear stress-strain curves of electrospun scaffolds at different ratios are shown in Figure 7 and summarized in Table 4 . It is observed that the tensile strength for HEC/PVA nanofibers is 2.32 MPa and the elastic modulus is 97.8 MPa with elongation at break is 65 The ultimate tensile stress (MPa) and strain (%) value of blended nanofibrous scaffold is low compared with that of human skin which is in the range of 5-30 MPa and 35-115%, respectively. 65 However, previous report found that tensile strength of electrospun fiber mats ranging from 0.8 to 18.0 MPa was sufficiently durable for dermal cell culture. 66, 67 In addition, fibrous scaffolds as potential skin graft is seldom under a high tensile strength when immobilized at a wound site and it is not necessary for the scaffolds to be permanent replacement for native tissue and replicate the host environment. 41, 68 So, these scaffolds are mechanically stable and could serve as a temporary construct for skin tissue engineering.
hFOB cells morphology on HEC/PVA and HEC/PVA/ collagen electrospun nanofibrous scaffolds
Cell morphology of hFOB cells on the HEC/PVA and HEC/PVA/collagen composite scaffolds was observed under SEM and shown in Figure 8 . As expected, all crosslinking nanofibrous scaffolds maintained their 3D and porous structure after incubated into the medium. GA is a kind of bifunctional crosslinking reagent that can bridge amino groups between two adjacent polypeptide chains and has become a predominant choice in skin tissue engineering because of its water solubility, higher crosslinking efficiency, and low cost. 43 After 2 days of cell seeding, cells started stretching and spreading in spindle shape morphology over the surface of nanofibrous scaffolds. After 4 days, fibroblast cells were started covered some part of HEC/ PVA and HEC/PVA/collagen scaffolds and form an intact layer thus indicated that the scaffolds supported the cell attachment and proliferation. On day 7, both HEC/PVA and HEC/PVA/collagen composite nanofibers exhibited more cells attaching and spreading on the surfaces. Good attachment between the cells and nanofibers was clearly visible through the edge of adhered cells. From the cell-scaffold constructs, it is clear that cells comply well with nanofiber surface and capable to migrate inside the scaffolds. Multiple layer of cells was observed on the HEC/PVA/collagen nanofibers scaffold signified that the substrate was preferred for cell proliferation. The presence of an ECM protein, collagen in the HEC/PVA scaffolds enhances the possibility of cellscaffold transplantation of a construct with differentiated keratinocytes to enhance skin regeneration process. 69 Overall, it indicates good adhesion, high cell proliferation rate, migration and penetration of hFOB cells on HEC/PVA/collagen electrospun nanofibrous scaffolds compared with HEC/PVA nanofibers.
hFOB cells proliferation studies on HEC/PVA and HEC/PVA/collagen nanofibrous scaffolds Fibroblast exist widely in the dermal layer and play key roles in the wound healing process. 70 In order to evaluate the effect of collagen on the cytotoxicity of the scaffold, the morphology and viability of the fibroblast seeded on the scaffolds were compared. Figure 9 illustrated cell proliferation assay of hFOB cells on the HEC/PVA and HEC/PVA/collagen nanofibrous scaffolds which has been carried out for the period of 2, 4, and 7 days. All nanofibers show high MTS absorbance index from 1.2 to 1.5 after 2 days incubation period, but after 4 and 7 days of cell seeding, the cell proliferation rates decreased vividly. This condition might be explained by the reason that after 2 days cell seeding; the nanostructured microenvironment was suited best to the cells and promotes high confluency of the cells on nanofibrous scaffolds. In addition, the confluency of cells over the scaffolds produces space stress on the cells and depletions in nutrients supply. 71 Overall, HEC/PVA/collagen nanofibers scaffold showed higher cell proliferation compared to HEC/PVA composite nanofibers. Although, there was no significant difference between HEC/PVA electrospun nanofibers with and without collagen, HEC/PVA/collagen exhibited a slightly better value than HEC/PVA alone. Thus, compared with pure HEC/PVA, collagen incorporated with HEC/PVA nanofibers could provide better growth condition for cell proliferation. In our studies, HEC/PVA/ collagen electrospun nanofibers scaffold might offer the most suitable candidate for skin tissue engineering applications.
Conclusions
In this study, HEC/PVA as a water soluble biocompatible polymer was successfully electrospun as nanofibers. The fibrous mats were crosslinked with GA to get water insoluble nanofibrous scaffolds. The effect of collagen integrated with HEC/PVA solutions on nanofiber formation, morphology, thermal and stability properties, before and after chemically crosslinking with GA was studied. The cell culture proves that the GA-treated fiber scaffolds retained the original good biocompatibility and could induce the fibroblasts cell infiltration from the surrounding tissue successfully. These scaffolds showed enhanced cell viability with increasing culture time. Hence, both HEC/PVA and HEC/PVA/collagen nanofibers scaffold might be a potential candidate for dermal equivalent with enhanced biostability and good biocompatibility.
